Repeated dosing of drugs targeting G protein-coupled receptors can stimulate antagonist tolerance, which reduces their efficacy; thus, strategies to avoid tolerance are needed. The efficacy of AMD3100, a competitive antagonist of the chemokine receptor CXCR4 that mobilizes leukemic blasts from the bone marrow into the blood to sensitize them to chemotherapy, is reduced after prolonged treatment. Tolerance to AMD3100 increases the abundance of CXCR4 on the surface of leukemic blasts, which promotes their rehoming to the bone marrow. AMD3100 inhibits both G protein signaling by CXCR4 and b-arrestin1/2-dependent receptor endocytosis. We demonstrated that biased antagonists of G protein-dependent chemotaxis but not b-arrestin1/2 recruitment and subsequent receptor endocytosis avoided tolerance. The peptide antagonist X4-2-6, which is derived from transmembrane helix 2 and extracellular loop 1 of CXCR4, limited chemotaxis and signaling but did not promote CXCR4 accumulation on the cell surface or cause tolerance. The activity of X4-2-6 was due to its distinct mechanism of inhibition of CXCR4. The peptide formed a ternary complex with the receptor and its ligand, the chemokine CXCL12. Within this complex, X4-2-6 released the portion of CXCL12 critical for receptor-mediated activation of G proteins but enabled the rest of the chemokine to recruit b-arrestins to the receptor. In contrast, AMD3100 displaced all components of the chemokine responsible for CXCR4 activation. We further identified a small molecule with similar biased antagonist properties to those of X4-2-6, which may provide a viable alternative to patients when antagonist tolerance prevents drugs from reaching efficacy.
INTRODUCTION
G protein-coupled receptors (GPCRs) belong to the largest family of membrane proteins in the human body and direct most physiological processes in health and disease (1) (2) (3) . Hence, GPCRs are targeted by almost 35% of all current therapeutics (4) . Unfortunately, cells often become tolerant to the effects of these drugs. Tolerance is associated with the reduced efficacy of a compound after its repeated administration. Examples of this phenomenon include tolerance to opioid receptor agonists that activate receptors for pain relief and tolerance to dopamine D2 receptor antagonists that inhibit the receptor in the treatment of schizophrenia (5) (6) (7) (8) (9) . The exact mechanisms that cause tolerance are unclear. Many studies have highlighted altered receptor abundance at the cell surface as a possible mechanism for the reduced efficacy of GPCR-targeting drugs (5, 6, 10, 11) . Currently, no studies provide a strategy to avoid the development of antagonist tolerance.
Tolerance to the U.S. Food and Drug Administration-approved CXCR4 receptor antagonist AMD3100 can occur (11) . This tolerance is associated with increased receptor expression on the cell surface. CXCR4 is a chemokine receptor that functions in a large number of processes, including embryonic development (12) , the homing and maintenance of hematopoietic stem cells (13) (14) (15) (16) , and immune cell chemotaxis toward its cognate ligand CXCL12 (17, 18) . CXCR4 overexpression is observed in 23 different cancer types, where it is associated with a highly metastatic phenotype (19) . Despite its potentially broad application to many disease conditions, AMD3100 is only used to mobilize stem cells from the bone marrow for transplantation (20) . On the basis of this function, AMD3100 may be expected to mobilize leukemic blasts, which are progenitor cells responsible for leukemia relapse, from the bone marrow into the peripheral blood of patients with leukemia to make the cells more easily eliminated by chemotherapy. However, after prolonged treatment with this compound, leukemic blasts can become tolerant to the drug and rehome to the bone marrow where they are protected from cytotoxic drug exposure (11, 21) . This suggests that, for applications requiring prolonged dosing, tolerance to receptor antagonists can substantially limit their therapeutic potential. AMD3100 is an unbiased antagonist that inhibits G protein signaling and the b-arrestin1/2 (BA1/2)-dependent endocytosis of CXCR4 with equal potency (22) . b-arrestin1 (BA1) and b-arrestin2 (BA2), also known as arrestins 2 and 3, interact with the phosphorylated intracellular sites on active CXCR4 and engage clathrin to promote receptor endocytosis (23) . Prolonged exposure to AMD3100 promotes the accumulation of CXCR4 on the surface of leukemia cells, as is observed in other models of antagonist tolerance (5) (6) (7) (8) (9) , enabling the chemotaxis of cells to CXCL12 even in the presence of the drug (11) .
Here, we hypothesized that antagonists that inhibited G protein signaling but not receptor endocytosis might avoid the development of tolerance. Few compounds of this type, called biased antagonists, have been discovered (24) (25) (26) (27) . We found that a peptide derived from transmembrane helix 2 (TM2) and extracellular loop 1 (ECL1) of CXCR4, named X4-2-6, acted as a biased antagonist of the receptor that inhibited G protein signaling but not the recruitment of BA1/2 to the receptor. Whereas AMD3100 was a competitive orthosteric antagonist of CXCR4, X4-2-6 acted through a different mechanism. X4-2-6 formed a ternary complex with CXCR4 and CXCL12 that disrupted the interaction of the receptor with the extreme N terminus of the chemokine, which is crucial for G protein activation by the receptor (28) (29) (30) (31) (32) . At the same time, the portion of CXCL12 that is important for BA1/2 recruitment and function was free to bind to CXCR4. These differences in the mechanisms of inhibition between AMD3100 and X4-2-6 resulted in the receptor not accumulating on the cell surface in the presence of the peptide and prevented the subsequent development of tolerance. In addition, we showed that the avoidance of tolerance was not limited to peptide-biased antagonists but could also be achieved with a small molecule-biased antagonist called SEN071 (24) . We propose that biased antagonists of GPCRs may provide advantages to patients who develop tolerance to unbiased antagonist drugs.
RESULTS
Inhibition of CXCR4 endocytosis results in the development of antagonist tolerance Although both AMD3100 and X4-2-6 abate metastasis and reduce tumor burden, X4-2-6 prolongs patient survival (33) , whereas AMD3100 does not (34) . Although the potency of AMD3100 may have decreased over time (11) , it remained possible that X4-2-6 maintained its inhibitory activity by acting through a distinct mechanism. When we tested this hypothesis by comparing the potency of AMD3100 and X4-2-6 against CXCR4-mediated chemotaxis of Jurkat T lymphocytic leukemia cells without pretreatment, we found that without preexposure, AMD3100 inhibited chemotaxis with a median inhibitory concentration (IC 50 ) of 0.7 ± 0.2 mM. However, 72 hours of preexposure can promote the tolerance of several leukemia cell lines to AMD3100, which paradoxically increases chemotaxis to CXCL12 in the presence of the antagonist (11) . Consistent with this, we found that cells preexposed to AMD3100 for 72 hours became tolerant to this antagonist, which was reflected by a nearly fourfold increase in the IC 50 value for the inhibition of CXCL12-mediated chemotaxis (Fig. 1A) . More severe tolerance developed after preexposure to a greater concentration of AMD3100, which further increased the IC 50 value. However, X4-2-6 preexposure did not promote antagonist tolerance, resulting in similar IC 50 values before or after preexposure for 72 hours, respectively (Fig. 1A) . Thus, prolonged exposure of cells to AMD3100 decreased the potency of the drug, consistent with antagonist tolerance, whereas no tolerance was observed with X4-2-6 (Fig. 1A) .
Antagonist tolerance is correlated with the increased cell surface expression of the target receptor (11, 35) . We treated cells with AMD3100 or X4-2-6 for up to 72 hours and compared the abundance of cell surface CXCR4 to cells treated only with vehicle. Consistent with our earlier observations (Fig. 1A) , treatment with AMD3100 for 72 hours increased cell surface CXCR4 expression when compared to that of vehicle-treated cells (Fig. 1B) and increased the total CXCR4 protein amount ( fig. S1 ). Conversely, treatment of Jurkat cells with X4-2-6 for 72 hours had no effect on CXCR4 cell surface expression (Fig. 1B) . This may be because AMD3100 inhibited CXCL12-mediated receptor internalization, whereas X4-2-6 neither efficiently inhibited nor promoted this process (Fig. 1C and figs. S2 and S3 ). This is consistent with the reported inhibition of endocytosis by AMD3100 (22) and with the internalization of X4-2-6 with the receptor after CXCL12 stimulation (33).
Our findings suggest that inhibition of endocytosis may increase CXCR4 cell surface expression and lead to the development of tolerance. We tested this hypothesis by treating cells with the dynamin inhibitor dynasore, which blocks clathrin-mediated receptor endocytosis, a principal mechanism of CXCR4 internalization (23) . Treatment with dynasore for 1 hour increased CXCR4 cell surface expression (Fig. 1D) . The increased amount of CXCR4 on the cell surface correlated with the reduced potency of AMD3100 to inhibit chemotaxis to CXCL12 (Fig. 1D) . This observation correlated the inhibition of endocytosis by either AMD3100 or dynasore with receptor accumulation on the cell surface and the subsequent development of antagonist tolerance. If receptor endocytosis was not inhibited, then antagonist tolerance did not develop, and antagonists maintained their efficacy.
X4-2-6 does not inhibit BA1/2 downstream of CXCR4 CXCR4 endocytosis is largely regulated by BA1/2, scaffolding proteins recruited to the receptor upon stimulation by CXCL12 (36) . In Jurkat cells at rest, confocal microscopy showed that CXCR4 populated both the cell membrane and internal compartments, whereas BA2 was abundant in the cytoplasm ( Fig. 2A and fig. S4 ). Colocalization of CXCR4 and BA2 in intracellular punctate structures was observed in CXCL12-stimulated cells ( Fig. 2A and fig. S4 ). X4-2-6 did not alter the CXCL12-mediated colocalization of CXCR4 with BA2 or receptor internalization ( Fig. 2A and fig. S4 ). However, AMD3100 inhibited both CXCR4 endocytosis and its colocalization with BA2 ( Fig. 2A and fig. S4 ). The effects of antagonists on the recruitment of BA2 to CXCR4 were also monitored using a PRESTO-Tango (parallel receptorome expression and screening by transcriptional output, with transcriptional activation following arrestin translocation) assay in which GAL4-VP16 attached to the receptor was released by recruitment of the BA2-tobacco etch virus protease fusion, which activated the transcription of a b-lactamase reporter gene (37) . CXCL12-dependent BA2 recruitment was unaffected by X4-2-6, whereas AMD3100 increased the EC 50 (median effective concentration) value more than 3500-fold (Fig. 2B ). Bioluminescence resonance energy transfer (BRET) between CXCR4 and BA2 further supported the finding that X4-2-6 did not inhibit BA2 recruitment ( fig. S5 ).
To enhance BA1/2 recruitment and receptor endocytosis, serine residues in the CXCR4 C terminus are phosphorylated by several kinases, such as GPCR kinases (GRKs), protein kinase C (PKC), and proviral integration site Moloney murine leukemia virus-1 kinase (PIM1) (23, 38) . When we used Western blotting to detect the phosphorylation of Ser 324/325 or Ser 339 in the C terminus of CXCR4, we found that AMD3100 inhibited this posttranslational modification, but X4-2-6 had had no effect (Fig. 2C) . Together, these data suggest that X4-2-6 was distinct from AMD3100 in its inability to affect receptor phosphorylation, BA2 recruitment, endocytosis of CXCR4, and CXCR4 abundance on the plasma membrane, which correlated with the avoidance of antagonist tolerance.
Inefficient inhibition of BA1/2 signaling may also suggest the poor activity of X4-2-6 against CXCR4, although this antagonist binds to and inhibits this receptor (33, 39, 40) . We therefore investigated the effects of X4-2-6 on the generation of phosphorylated extracellular signal-regulated kinase 1/2 (pERK1/2) at Thr 202 and Tyr
204
, a process that involves both G protein signaling and BA1/2 regulation (41-43). As expected (44), pERK1/2 abundance was maximal after 5 min of treatment with CXCL12 and was maintained for up to 30 min after treatment with the chemokine (Fig. 2, D lacking BA1/2 expression (46) but not in wild-type (WT) MEFs (fig. S6, D and E). These data suggest that the phosphorylation of ERK1/2 downstream of CXCR4 stimulation was due to G protein signaling, whereas BA1/2 played a role in desensitization and inhibition of late G protein-mediated signaling, as was previously observed (44) . Whereas X4-2-6 reduced the early phase of ERK1/2 phosphorylation, ERK1/2 activation was sustained similar to that in vehicletreated cells (Fig. 2, D and E). In contrast, AMD3100 inhibited both early and late peaks in pERK1/2 generation in Jurkat cells stimulated with CXCL12 (Fig. 2, D and E). Thus, X4-2-6 inhibited the G proteinmediated activation of ERK1/2.
X4-2-6 is a biased antagonist that specifically inhibits G protein activation downstream of CXCR4 Because X4-2-6 inhibited chemotaxis, a process associated with G protein signaling, but did not affect BA1/2 recruitment, we reasoned that X4-2-6 might act as a biased antagonist of CXCR4. Amplification of signaling leading to pERK1/2 generation can potentially obscure the analysis of bias in X4-2-6. To study the direct effect of the antagonist on G proteins, we immunoprecipitated guanosine triphosphate-bound Gai (Gai-GTP) and analyzed by Western blotting in lysates of Jurkat cells treated with CXCL12 in the presence of vehicle, AMD3100, or X4-2-6. CXCL12 increased the abundance of Gai-GTP compared to that in unstimulated control cells (Fig. 3 , A and B). Either AMD3100 or X4-2-6 reduced the amount of Gai-GTP in CXCL12-treated cells (Fig. 3 , A and B). To assess the effect of the antagonists on the function of Gai-GTP, we measured the abundance of the second messenger cAMP (cyclic adenosine monophosphate) in CXCL12-stimulated Jurkat cells in the presence or absence of either AMD3100 or X4-2-6. Treatment with forskolin, which stimulates adenylate cyclase to generate cAMP (47), increased intracellular cAMP amounts when compared to those of vehicle-treated cells, which were reduced by CXCL12 through the inhibitory action of Gai on adenylate cyclase (Fig.  3C ). Both AMD3100 and X4-2-6 returned cAMP amounts to those observed in cells treated with forskolin alone (Fig. 3C ). In addition, X4-2-6 inhibited CXCL12-mediated chemotaxis in a dose-dependent manner (Fig. 3D) . Thus, similar to AMD3100, X4-2-6 inhibited the activation and function of Gai downstream of CXCR4. These data suggest that, whereas AMD3100 acts as an unbiased antagonist of CXCR4, X4-2-6 is a biased antagonist, which inhibits G protein signaling but not BA1/2 recruitment. To confirm that this biased antagonism was due to the specific activity of X4-2-6, we compared the effects of the peptide on CXCR4-and CCR2-mediated Ca 2+ flux, which is initiated by G proteins through their activation of phospholipase C (48) . The receptors CXCR4 and CCR2 share 63% sequence identity in the region corresponding to X4-2-6 ( fig. S7 ). We found that X4-2-6 inhibited Ca 2+ flux stimulated by CXCL12 (Fig. 3E) but not by the CCR2 ligand CCL2 (Fig. 3F) in Tohoku Hospital Pediatrics-1 (THP-1) human monocytic leukemia cells, which express both receptors. These data demonstrated the specificity of the peptide for CXCR4. X4-2-6 also inhibited the CXCL12-dependent chemotaxis of the same cells ( fig. S8 ).
X4-2-6 simultaneously binds to CXCL12 and CXCR4 to function as a biased antagonist The peptide sequence of X4-2-6 is derived from CXCR4 (39). Thus, its biased antagonism might arise from a direct interaction with CXCL12. The tertiary structure of CXCL12 is similar to that of other chemokines with a flexible N terminus and an extended N-loop (49),
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which is connected through a 3 10 helix to the "globular portion" of the chemokine that consists of a three-stranded b sheet. The CXCL12 N terminus is crucial for binding to and activating CXCR4 (28) (29) (30) (31) (32) 50) , whereas the globular portion of the chemokine interacts with the receptor N terminus (17, 51) . We observed statistically significant signal attenuation in the heteronuclear single-quantum coherence nuclear magnetic resonance (HSQC NMR) spectra of 15 N-labeled CXCL12 in the presence of X4-2-6 for the residues Phe 14 , Ser 16 , and His 17 in the N-loop of the chemokine. This indicates the binding of X4-2-6 to the N-loop of the chemokine (Fig. 4, A to C) . The interaction was further corroborated by tryptophan fluorescence experiments, which showed a statistically significant change in maximal tryptophan fluorescence and intensity upon X4-2-6 binding to CXCL12 ( fig. S9 ). Because the CXCL12 N terminus is crucial for binding to and activating CXCR4 (28) (29) (30) (31) (32) 50) , NMR signals corresponding to the N-terminal residues of 15 N-labeled CXCL12 (for example, Ser 4 and Leu
5
) were reduced after the addition of CXCR4-expressing cell membranes (Fig. 4,  D to F) . Residues in the globular domain of the chemokine (Ala 35 , Asn 46 , and Lys 54 ) were also affected, suggesting a larger interaction interface between the chemokine and the receptor compared to CXCL12 and X4-2-6. CXCR4-containing membranes, together with X4-2-6, substantially reduced the NMR signals from residues within the b1 and b2 K1  C11  A21  T31  R41  I51  K61   K1  C11  A21  T31  R41  I51  K61   K1  C11  A21  T31  R41  I51 C-term N-term Fig. 4 . X4-2-6 forms a ternary complex with CXCL12 and CXCR4 to function as a biased antagonist. (A to C) NMR spectroscopy analysis of CXCL12 alone (gray) and in the presence of X4-2-6 (blue). Peak superimposition (A) and changes in CXCL12 HSQC signal intensity caused by the addition of X4-2-6 (B) are representative of two independent experiments. ppm, parts per million. (C) Substantially altered residues are mapped onto the NMR structure of CXCL12 (Protein Data Bank ID: 2KEE), and the cartoon models the interaction between the N-loop of CXCL12 and X4-2-6. (D to F) NMR spectroscopy analysis of CXCL12 alone (gray) and with membrane preparations containing CXCR4 (red). Peak superimposition (D) and changes in the signal intensity of CXCL12 residues caused by the addition of CXCR4 (E) are representative of two independent experiments. (F) Substantially altered residues are mapped onto the structure of CXCL12, and the cartoon models the interaction involving insertion of the N terminus of the chemokine into the receptor transmembrane helical bundle. (G to I) NMR spectroscopy analysis of CXCL12 alone (gray) and with CXCR4-containing membranes and X4-2-6 (magenta). Peak superimposition (G) and changes in CXCL12 signal intensity caused by the addition of CXCR4 and X4-2-6 (H) are representative of two independent experiments. (I) The most substantial changes are mapped onto the NMR structure of CXCL12, and the cartoon models X4-2-6 binding to CXCR4 and CXCL12 to partially inhibit the binding of the extreme N terminus of the chemokine to the receptor. strands of CXCL12 (Fig. 4, G to I) . The addition of CXCR4-expressing membranes together with X4-2-6 did not recapitulate the chemokine spectra with CXCR4 or peptide alone, which may suggest that both the receptor and the peptide bind to the chemokine simultaneously. Although Leu 5 of CXCL12 was undetectable by NMR analysis of CXCR4 alone, a weak signal was observed with the combination of the membrane and peptide. This suggests that, by forming a ternary complex with the chemokine and receptor, X4-2-6 partially liberated the extreme N-terminal portion of CXCL12. In contrast, AMD3100 decreased the affinity of the entire N terminus of CXCL12 for CXCR4, as evidenced by fast solvent exchange between the free and bound species for the N-terminal residues Ser fig. S10) , as was expected (29) . Our results are consistent with the notion that the extreme N-terminal region of the chemokine is more critical for chemotaxis than for receptor endocytosis (52) and suggest a previously unknown mechanism of biased antagonism. Moreover, our findings may explain how the specificity of peptides derived from the transmembrane domains of their targets might be enhanced by additional interactions with the receptor.
A small molecule-biased antagonist of CXCR4 also avoids the development of tolerance We investigated whether the avoidance of antagonist tolerance was a unique property of X4-2-6 or whether tolerance could be generally evaded by biased antagonists. A small molecule-biased antagonist of CXCR4, SEN071, which is unrelated to X4-2-6, was previously described (24) . We found that concentrations of SEN071 that inhibited the chemotaxis of Jurkat cells to CXCL12 did not prevent CXCR4 endocytosis ( fig. S11A ). Similar to X4-2-6, SEN071 exhibited similar IC 50 values for CXCL12-induced chemotaxis with and without preexposure to the compound ( fig. S11B ) and did not increase the abundance of CXCR4 on the cell surface ( fig. S11A) . Thus, both peptide-and small molecule-biased antagonists that avoid accumulation of the receptor on the cell surface did not promote antagonist tolerance after prolonged exposure times.
DISCUSSION
Antagonist tolerance correlates in part with accumulation of the target receptor on the cell surface (5-7, 9, 11). Some examples include overexpression of b-adrenergic receptors in response to prolonged treatment with their antagonists propranolol and nadolol (10, 53) , the increased abundance of a1A and a1D adrenergic receptors after prolonged exposure to their inhibitors prazosin and terazosin (8, 9) , and the increased expression of the dopamine D2 receptor after chronic treatment with the antipsychotic antagonists haloperidol and perphenazine (7) . Accelerated trafficking to the plasma membrane and increased expression of the receptor have been suggested as potential mechanisms for its accumulation after repeated dosing with antagonists (10). Our results showed that prolonged exposure of cells to AMD3100 led to the increased cell surface expression of its primary target and development of antagonist tolerance consistent with previous observations of CXCR4 (11, 21) and other GPCRs (8, 35, 53) .
CXCR4 in T lymphocytes undergoes slow constitutive internalization at a rate of about 1% of cell surface receptor per minute (54) . AMD3100 inhibits this process and leads to accumulation of the receptor on the cell surface (22) . Our experiments with the inhibitor of endocytosis dynasore suggest that blocking receptor endocytosis was sufficient to induce tolerance to the drug (Fig. 1D) . Expedited trafficking of CXCR4 to the plasma membrane, its accelerated expression, or reduced degradation in response to AMD3100 might contribute to the increased abundance of the receptor on the plasma membrane and antagonist tolerance. Our data suggest that biased antagonists that inhibit G protein signaling but not receptor endocytosis might be used to avoid antagonist tolerance.
Our investigation revealed that X4-2-6, a peptide analog of the TM2 and ECL1 of CXCR4 (33) , is a biased antagonist. Unlike AMD3100, the peptide at its IC 50 did not prevent the C-terminal phosphorylation of CXCR4 (Fig. 2C) , subsequent recruitment of BA1/2 (Fig. 2B) , and receptor endocytosis (figs. S2 and S3) in response to stimulation with CXCL12. Similar to AMD3100, X4-2-6 blocked the GTP loading of Gai (Fig. 3A) , inhibited the CXCL12-dependent modulation of cAMP production (Fig. 3C) , reduced the early phase of pERK1/2 generation (Fig.  2D) , curtailed Ca 2+ flux (Fig. 3E) , and prevented chemotaxis toward CXCL12 (Fig. 3D) . Inhibition of Ca 2+ flux by X4-2-6 is expected to reduce the activity of PKC, a kinase that phosphorylates Ser 324/325 in CXCR4 (55) . However, these residues can also be phosphorylated in Jurkat cells by PIM1 (56) . Alternatively, GRK2 and GRK6 phosphorylate Ser 324/325 in CXCR4 in human embryonic kidney (HEK) 293 cells (23, 55) . In Jurkat cells, which also express GRK6, 50% of GRK2 is degraded 1 hour after stimulation with CXCL12 (57, 58). Thus, whereas X4-2-6 might prevent PKC from phosphorylating CXCR4, other kinases may potentially act as substitutes.
CXCL12 activates G proteins downstream of CXCR4 to phosphorylate ERK1/2 (59). Sustained ERK1/2 activation after more than 30 min of stimulation with the chemokine may be due to G protein-mediated activation of the Ras-Raf pathway or the scaffolding function of BA1/2 (42, 59, 60). The relative contributions of G proteins and BA1/2 to the late phase of pERK1/2 generation vary in different GPCRs (61) . For example, in the context of the angiotensin AT1a receptor, BA1/2 promotes ERK1/2 phosphorylation (62), whereas G protein signaling is responsible for the activation of ERK1/2 downstream of the M3 muscarinic receptor (63) and BA1/2 plays a regulatory role (64) . Our experiments in BA1/2-deficient MEFs suggest that the primary function of BA1/2 is to promote receptor desensitization and to prevent excessive phosphorylation of ERK1/2 in response to CXCR4 stimulation ( fig. S6 ). The fact that treatment with barbadin, which inhibits the association of arrestin with the b-adaptin subunit of AP2, also increased the abundance of pERK1/2 in CXCL12-stimulated cells suggests that these kinases are regulated by receptor internalization rather than by recruitment of BA1/2. Our results are consistent with studies showing that BA1/2 knockdown in HeLa cells and MEFs increases pERK1/2 abundance in response to CXCL12 (44) and interleukin-8 (65) . Moreover, our findings are consistent with those of a study that used CRISPR-Cas9-mediated deletion of multiple Ga proteins and BA1/2 to demonstrate that a broad set of GPCRs engage G proteins but not arrestins to initiate ERK signaling (66) . However, BA1/2 are required for CXCR4-dependent pERK1/2 generation in HEK 293 cells (42, 67) , which suggests that BA1/2 might have a complex and cell type-specific role in CXCR4 signaling.
The differences in the mechanisms of inhibition between AMD3100 and X4-2-6 may be due to the distinct interactions of the antagonists with the receptor and the chemokine (Fig. 5, A to C) . The peptide agonist X4-2-6 interacts with both CXCL12 and CXCR4 simultaneously to form a ternary complex. We found that within the ternary complex, the interaction between the receptor and the peptide caused the extreme N terminus of the chemokine to become detached from CXCR4 (Fig. 5B ). This portion of CXCL12 is implicated in inducing the conformation of the receptor that promotes the GTP loading of Gai (52) . Thus, the interaction with X4-2-6 may prevent conformational transitions in CXCR4 that lead to the activation of G proteins but enable phosphorylation of the receptor C terminus and the recruitment of BA1/2. We found that X4-2-6 decreased the early peak in pERK1/2 abundance in Jurkat cells by inhibiting G protein activation but enabled BA1/2 recruitment to the receptor and subsequent regulation of the phosphorylation of both isoforms of this kinase. This contrasts with AMD3100, which interacts with the receptor and reduces CXCL12 binding by displacing its entire N terminus from CXCR4. In our studies, AMD3100 treatment potently suppressed early and late pERK1/2 generation. The residual weak binding of CXCL12 to the receptor-AMD3100 complex could be mediated by the globular domain of the chemokine, which is less affected by the drug (29) . Although at high concentrations AMD3100 can become a partial agonist of CXCR4 (68), X4-2-6 does not exhibit a similar activity (Figs. 1C and 3D) . Because ERK1/2 signaling in T lymphocytes is important for survival, the different modes of receptor binding exhibited by X4-2-6 and AMD3100 might also differentially affect cell viability (69) .
The binding of X4-2-6 to CXCL12 involves the N-loop of the chemokine. This binding site cannot be predicted on the basis of the amino acid sequence of the peptide corresponding to TM2 and ECL1 of CXCR4. The current model for the interaction of CXCL12 with CXCR4 suggests that Lys 25 in the N terminus of the receptor binds to the N-loop region of the chemokine (30) . The amino acid sequence of X4-2-6 does not have lysine residues (33) . However, X4-2-6 contains two (nonnative to CXCR4) C-terminal aspartates and amidated polyethylene glycol that can generate or modify a binding site for the chemokine within the peptide. In addition, the tertiary structure of X4-2-6 is different from the structure of the corresponding region in CXCR4, and this might expose a novel site for interaction with CXCL12 (33).
Our proposed mechanism for the biased antagonism of CXCR4 differs from the model for the cholecystokinin receptor (26) , which suggests the existence of different conformational states of receptors. This previous model predicts that antagonists selectively interact with G protein-activating conformers but not BA1/2-activating conformers of the receptor (26) . However, in our studies, X4-2-6 interacted with receptors on the cell surface and with those that were endocytosed, regardless of receptor conformation (33) . Thus, multiple mechanisms of biased antagonism are possible.
Future pharmaceutical development will likely benefit from understanding how new treatments can avoid the development of tolerance. We found that a small molecule-biased antagonist acted similarly to a peptide-biased antagonist to avoid tolerance, which suggests that flexibility in the design of such agents is possible. Currently, very few biased antagonists have been characterized, and the advantages of biased antagonists in general remain an unexplored The current paradigm of CXCL12-mediated CXCR4 signaling suggests that the CXCL12 N terminus and N-loop insert into the CXCR4 transmembrane helical bundle, whereas the receptor N terminus binds to the globular domain of the chemokine. This leads to the activation of CXCR4 and subsequent G protein signaling, BA1/2 recruitment, and receptor endocytosis. (B) Our data suggest that X4-2-6 binds to CXCL12 and CXCR4 to form a ternary complex and displaces the extreme N-terminal portion of CXCL12 away from the transmembrane helical bundle of CXCR4. Thus, X4-2-6 functions as a biased antagonist by inhibiting G protein signaling but not BA1/2 recruitment to CXCR4. (C) In contrast, AMD3100 displaces the entire CXCL12 N terminus to inhibit all CXCR4 signaling. Over time, the inhibition of BA1/2 and the subsequent endocytosis result in the accumulation of CXCR4 on the cell surface, CXCL12 binding to the receptor, and the development of tolerance to AMD3100. GDP, guanosine diphosphate.
avenue for drug discovery (24) (25) (26) (27) . Our study suggests that biased antagonists can potentially provide therapeutic options to patients who develop tolerance to unbiased antagonists.
MATERIALS AND METHODS

Antibodies
Western blotting was performed with antibodies from the following sources: BA1/2 (clone D24H9, #4674; Cell Signaling), CXCR4 (clone UMB2, AB124824; Abcam), CXCR4 (SAB3500383; Sigma-Aldrich), CXCR4 pSer 324/325 (CP4251, ECM Biosciences), CXCR4 pSer 339 (SAB4504153; Sigma-Aldrich), ERK1/2 (9102; Cell Signaling), pERK1/2 (9101; Cell Signaling), total Gai (AB102014; Abcam), GAPDH (60004-1-Ig; Proteintech), rabbit anti-mouse (7076; Cell Signaling), and mouse anti-rabbit (7074; Cell Signaling). Confocal microscopy was performed using antibodies from the following sources: BA2 (clone C16D9, #3857; Cell Signaling), CXCR4 (clone UMB2, AB124824; Abcam), Alexa Fluor 488 goat anti-rabbit (R37116; Thermo Fisher Scientific), Alexa Fluor 555 goat anti-mouse (A21422; Thermo Fisher Scientific). For flow cytometry, staining was performed using antibodies from the following sources: PEtagged CXCR4 4G10 monoclonal antibody (clone 4G10, sc-53534PE; Santa Cruz Biotechnology), PE-tagged CXCR4 12G5 monoclonal antibody (clone 12G5, 306506; BioLegend), PE-Mouse IgG2b, k Isotype control antibody (402204; BioLegend), and PE-Mouse IgG2a, k Isotype control antibody (400212; BioLegend). For immunoprecipitation, 1 ml of anti-active Gai (26901; New East Biosciences) was used per 500 ml of sample.
BRET assays BA2 recruitment to CXCR4 was measured by BRET. Briefly, the BRET signal was measured in cells cotransfected with 1.0 mg of BA2-GFP10 and 0.05 mg of CXCR4-Rluc or 0.05 mg of CXCR4-Rluc, normalized to 2 mg per well with empty vector. BA2 recruitment was assessed by adding the ligands 10 min after the addition of coelenterazine 400A.
Analysis of cAMP concentration by ELISA Jurkat cells (5 × 10 6 ) were serum-starved for 6 hours in RPMI 1640, 1% penicillin-streptomycin, and 2 mM L-glutamine and then stimulated with 100 mM forskolin or vehicle for 30 min. Each sample was then treated with vehicle or CXCR4 antagonists, where indicated, for 30 min. Cells were exposed to 30 nM CXCL12 for a further period of 30 min. A direct cAMP ELISA kit (Enzo Life Sciences) was used to measure cAMP concentrations in cell lysates. The relative change in cAMP concentration was calculated using Assay Blaster! Software (ADI-28-0002), and the results were plotted with GraphPad Prism 7.00 (GraphPad Software) to determine the effects of CXCR4 inhibitors on cAMP production in response to CXCL12. Cell culture Jurkat, THP-1, and Chinese hamster ovary K1 (CHO-K1) cells were obtained from the American Type Culture Collection. MEFs were a gift from the Lefkowitz Lab. Jurkat cells were cultured in suspension, in culture medium consisting of RPMI 1640 (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 1% penicillin-streptomycin (Thermo Fisher Scientific) solution, and a final concentration of 2 mM L-glutamine (Thermo Fisher Scientific). For serum starvation, Jurkat cells were cultured in medium consisting of RPMI 1640 supplemented with 1% penicillin-streptomycin and a final concentration of 2 mM L-glutamine. THP-1 cells were cultured in RPMI 1640 containing 10% FBS (Sigma-Aldrich), 1% penicillin-streptomycin, and 0.05 mM 2-mercaptoethanol (Thermo Fisher Scientific). CHO-K1 cells cultured in F-12K medium (Gibco) containing 10% FBS and 1% penicillin-streptomycin. MEFs were cultured in medium consisting of Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% FBS (Sigma-Aldrich), 1% penicillin-streptomycin (Thermo Fisher Scientific), and a final concentration of 2 mM L-glutamine (Thermo Fisher Scientific). For serum starvation of MEFs, cells were cultured in medium consisting of DMEM supplemented with 1% penicillin-streptomycin and a final concentration of 2 mM L-glutamine. All cells were maintained in a humidified environment containing 5% CO 2 at 37°C.
Chemotaxis assay
Jurkat cells were maintained in migration medium consisting of RPMI 1640, 2 mM L-glutamine, 20 mM Hepes (pH 7.4) (Thermo Fisher Scientific) and 0.1% fraction V BSA (Thermo Fisher Scientific) for 6 hours before the start of the assay. Cells were preincubated with vehicle or CXCR4 antagonists for 30 min before 1 × 10 5 cells were seeded into the upper chamber of a 5-mm-pore Transwell plate (Corning). Cells were stimulated to migrate toward the lower chamber by migration medium containing 30 nM CXCL12. After 2.5 hours, cells in the lower chamber were counted using a Beckman Coulter flow cytometer, and data were plotted using GraphPad Prism 7.00 (GraphPad Software).
Confocal microscopy
Jurkat cells (1 × 10 5 ) were serum-starved for 6 hours and then treated with CXCR4 inhibitors for 30 min before stimulation with 30 nM CXCL12 for 60 min. Cells were then pelleted by centrifugation and fixed in 4% formaldehyde. Cells were pelleted, washed, and resuspended in PBS. Onto a poly-lysine-coated coverslip, 5 ml of cell suspension was smeared using a pipette tip. The sample was then blocked in PBS containing 5% BSA and 0.3% Triton X-100 for 1 hour at room temperature, before incubation overnight with a mouse monoclonal anti-CXCR4 and rabbit monoclonal anti-BA2 antibody at 4°C in the same buffer. Coverslips were washed with ice-cold PBS and then stained with anti-rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 555 secondary antibodies for 1 hour at room temperature. Last, coverslips were incubated with DAPI (0.5 mg/ml; D1306; Thermo Fisher Scientific) for 10 min before being washed three times in PBS. Coverslips were mounted onto slides with ProLong Gold Antifade Reagent (Thermo Fisher Scientific) and analyzed on a Zeiss laser scanning 710 microscope.
CXCR4 ligand and antagonist preparation CXCL12 (Protein Foundry) was prepared in PBS. To prepare stock concentrations of peptides, 2 mg of lyophilized X4-2-6 was incubated in a volume of DMSO that would represent 5% of the final volume of solution at 37°C for 30 min. The peptide was diluted to the final stock concentration using PBS before being applied to cells. AMD3100 octahydrochloride hydrate (Sigma-Aldrich) was prepared in PBS and SEN071 (MolPort) in DMSO.
CXCR4 phosphorylation assay
Jurkat cells (1 × 10 6 ) were serum-starved for 6 hours before treatment with vehicle, 1 mM AMD3100, or 10 mM X4-2-6 for 30 min. Cells were then stimulated with 30 nM CXCL12 for 30 min before harvesting and lysis in ice-cold radioimmunoprecipitation assay (RIPA) buffer. CXCR4 phosphorylation was analyzed after SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.
Dynasore treatment
Jurkat cells were serum-starved for 6 hours before treatment for 1 hour with 80 mM dynasore (Sigma-Aldrich) and then were washed three times with PBS. Cells were then prepared for the appropriate assays. Cell surface expression of CXCR4 was measured using anti-CXCR4-PE antibody clone 4G10 and flow cytometry. Chemotaxis assays were performed as described earlier, with chemotaxis stimulated by 30 nM CXCL12.
Electroporation of Jurkat cells
Jurkat cells (1 × 10 6 ) were centrifuged and resuspended in 100 ml Cell Line Nucleofector Solution V (Lonza) containing 300 nM Silencer Select BA1-and BA2-specific siRNA (Thermo Fisher Scientific). The suspension of cells and RNA was transferred to an electroporation cuvette (Lonza) and subjected to the Nucleofector Program X-005 electroporation program using an Amaxa electroporator device. Cells were incubated in the cuvette for 10 min before being transferred into culture medium consisting of RPMI 1640 (Sigma-Aldrich) supplemented with 10% heat-inactivated FBS (Sigma-Aldrich), 1% penicillinstreptomycin (Thermo Fisher Scientific), and a final concentration of 2 mM L-glutamine (Thermo Fisher Scientific). Cells were left for 24 hours before being analyzed for ERK1/2 phosphorylation.
Endocytosis assay
Jurkat cells (1 × 10 5 ) were serum-starved for 6 hours and incubated with vehicle or CXCR4 antagonist 30 min before stimulation with 30 nM CXCL12. After the designated time, cells were washed three times in ice-cold PBS containing 1% BSA, before incubation with the PE-tagged CXCR4 monoclonal antibody 4G10 or 12G5, or suitable isotype controls for 20 min. Cells were washed twice in PBS before being fixed in PBS containing 4% paraformaldehyde. Cell surface expression of CXCR4 was determined by flow cytometry using a Beckman Coulter flow cytometer, and data were analyzed by WinMDI software. ERK1/2 phosphorylation assay Cells (1 × 10 7 ) were serum-starved for 6 hours before the start of the assay. After starvation, the cells were treated with vehicle (PBS) or 30 nM CXCL12 for several time points up to 30 min. Cells were harvested, washed three times in ice-cold PBS, and lysed in RIPA buffer for analysis by SDS-PAGE and Western blotting.
Fluorescence spectroscopy
Fluorescence measurements were performed on a PTI Quantamaster instrument. CXCL12 or a mixture of X4-2-6 and CXCL12 was analyzed at 25°C. The emission profile was scanned from 300 to 420 nm when the excitation was set to 280 nm. The concentration of X4-2-6 nanoparticles and CXCL12 was maintained at 1 and 0.083 mM, respectively, for all measurements.
Western blotting
To detect changes in cell signaling, cells were lysed in ice-cold RIPA buffer (10mM tris-HCl, 140 nM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1 % sodium deoxycholate, and 0.1% SDS) containing protease cocktail inhibitor (Santa Cruz Biotechnology) and phosphatase inhibitors (10 mM NaF and 1 mM Na 3 OV 4 ). Cells were lysed by sonication, cell debris was pelleted by centrifugation, and the supernatant was collected. Total protein concentrations were measured. Samples were mixed with SDS-PAGE sample buffer and boiled at 90°C for 3 min. Proteins were resolved by SDS-PAGE and transferred onto nitrocellulose membranes for detection with the appropriate antibodies. All Western blots in the figures are representative of at least three independent experiments.
Immunoprecipitation
To detect changes in GTP loading of Gai, 1 × 10 7 Jurkat cells were serumstarved for 6 hours and then treated as indicated in the figure legends. Cells were lysed by sonication in ice-cold immunoprecipitation lysis buffer [20 mM tris-HCl (pH 8.0), 140 nM NaCl, and 2 mM EDTA] containing protease cocktail inhibitor (Santa Cruz Biotechnology) and phosphatase inhibitors (10 mM NaF and 1 mM Na 3 OV 4 ), cell debris was pelleted, and the supernatant was collected. Cell lysates were incubated with the antiactive Gai antibody overnight at 4°C, before addition of 5 ml of protein A Dynabeads (Thermo Fisher Scientific) for 1 hour at room temperature. Immunoprecipitated proteins were eluted from the beads using SDS-PAGE loading buffer lacking dithiothreitol [50 mM tris-HCl (pH 6.8), 2% SDS, 0.1% bromophenol blue, 10% glycerol]. 1 H-15 N HSQC experiments were performed on 50 mM recombinant human CXCL12 (Protein Foundry) and dissolved in PBS (pH 7.4) containing 10% D 2 O. Experiments were performed in the presence and absence of 10 mM X4-2-6, 1 mM AMD3100, and 10-mg membranes from WT CHO-K1 cells or CHO-K1 cells expressing CXCR4. All NMR experiments were performed on a 900-MHz Bruker Avance spectrometer equipped with a cryogenic probe. Data processing and analysis were performed with NMRPipe software (70) . The chemical shift assignments were taken from the Biological Magnetic Resonance Data Bank (BMRB) database (www.bmrb.wisc.edu) using the 16142 BMRB identification number. Changes in signal intensity were calculated by subtracting the signal intensity of experimental spectra (I) from control spectra (I 0 ) divided by I 0 and plotted as a ratio. Changes in signal intensity and chemical shift perturbations higher than the sum of the average and 1 SD were considered statistically significant.
NMR spectroscopy
Preparation of cell membrane fractions
Jurkat cells (1 × 10 7 ) were collected and washed three times with PBS before lysis by sonication in 1 ml of fractionation buffer [250 mM sucrose, 20 mM Hepes (pH 7.4), 10 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, protease cocktail inhibitor (Santa Cruz Biotechnology), 10 mM NaF, and 1 mM Na 3 OV 4 ]. Samples were then centrifuged at 10,000g for 10 min, and the supernatant was transferred to a fresh ultracentrifuge tube. The sample was spun in a Beckman
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L8-80M centrifuge at 100,000g for 1 hour at 4°C. The subsequent pellet was washed once in 500 ml of fractionation buffer before being resuspended in sterile PBS.
PRESTO-Tango Assay BA2 recruitment to CXCR4 was measured by the PRESTO-Tango assay, as previously described (37) . Briefly, HTLA cells were transfected with Tango plasmids (both provided by B. Roth) using Lipofectamine 3000 (Thermo Fisher Scientific). One day after transfection, HTLA cells were plated onto poly-L-Lysine precoated 96-well microplates and allowed to attach to the plate for 4 hours before treatment. Cells were treated with increasing concentrations of CXCL12 in the presence of vehicle, 1 mM AMD3100, or 10 mM X4-2-6 for 1 hour at 37°C, 5% CO 2 in a humidified environment. Cells were then incubated with culture medium with 100 ml of a 1:5 mixture of Bright-Glo (Promega) and 1× HBSS and 20 mM Hepes solution. Plates were incubated at room temperature before measuring luminescence on a BioTek Synergy 2 plate reader.
Prolonged exposure to CXCR4 antagonists
In culture medium, 1 × 10 7 Jurkat cells were exposed to the concentrations of CXCR4 antagonists indicated in the figure legends. At 12-hour intervals, cells were pelleted by centrifugation, washed three times with PBS, and resuspended in fresh culture medium containing CXCR4 antagonists. After 72 hours, cells were counted using a hemocytometer and prepared for subsequent assays.
Protein sequence alignment
Amino acid sequences of proteins were acquired from the UniProt website, and alignments were performed using the MultAlin website and the ESPript 3.0 ENDscript server (71) .
Statistical analysis
Quantification of band densities from Western blots was performed with ImageJ software (72) . At any data point, P values were determined by the statistical tests defined in the figure legends, with post hoc analysis where appropriate.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/552/eaat2214/DC1 Fig. S1 . AMD3100 increases CXCR4 abundance in Jurkat cells. Fig. S2 . Neither AMD3100 nor X4-2-6 causes CXCR4 internalization. Fig. S3 . AMD3100 but not X4-2-6 inhibits CXCL12-stimulated CXCR4 endocytosis. Fig. S4 . BA2 recruitment downstream of CXCR4 is not substantially affected by X4-2-6. Fig. S5 . X4-2-6 does not inhibit BA2 recruitment to CXCR4. Fig. S6 . BA1/2 regulates ERK phosphorylation downstream of CXCR4. Fig. S7 . CXCR4 and CCR2 share 63% amino acid sequence similarity in the region of the receptor corresponding to X4-2-6. Fig. S8 . X4-2-6 inhibits the CXCL12-mediated chemotaxis of THP-1 cells. Fig. S9 . X4-2-6 binds directly to CXCL12. Fig. S10 . AMD3100 displaces the N terminus of CXCL12 from the binding site of CXCR4. Fig. S11 . The small molecule SEN071 is a biased antagonist of CXCR4 that avoids antagonist tolerance.
